Abstract. Mixed-morphology SNRs are characterized by a shell-like radio emission, a centrally peaked X-ray morphology, and by interaction with molecular clouds. Many models have been proposed to explain these peculiar remnants, but their physical origin is still unclear. The recent discovery of overionized (i. e. recombining) ejecta in 3 mixed-morphology SNRs has dramatically challenged all the previous models and opened up new, unexpected scenarios. I review the main properties of these remnants and their peculiar X-ray spectral properties. I also discuss the hydrodynamic model developed to explain the presence of overionized ejecta in W49B and present a list of open issues that still need to be clarified.
Introduction
Supernova Remnants (SNRs) have been observed in X-rays for decades and spatially resolved spectral analysis allowed us to ascertain a lot of important information about the physics of the post-shock high-temperature plasma and the mechanisms of particle acceleration.
X-ray spectra from SNRs are typically composed by i) a non-thermal component, associated with synchrotron emission from TeV electrons accelerated at the shock front and dominating the spectra of young remnants (with shock velocity of a few 10 3 km/s) and ii) a thermal component associated with the optically thin interstellar medium (ISM) heated by the main shock front and/or with Send offprint requests to: M. Miceli the ejecta heated by the reverse shock front. The prompt heating of the plasma at the shock front is followed by a slower process of ionization (through ion-electron collisions), where ions tend to reach the charge state distribution that is due to their post-shock temperature. The Collisional Ionization Equilibrium (CIE) is reached when the ionization parameter τ NEI = ndt > ∼ 10 12 s cm −3 (see, for example, van Paradijs & Bleeker 1999) . Assuming a typical density of 1 cm −3 , we derive that the post-shock plasma in remnants younger than ∼ 3 × 10 4 yr is expected to be underionized. Underionization is indeed a typical feature of X-ray spectra and has been observed in many cases, especially in young SNRs, like Cas A (Hwang et al. 2004 ), Kepler (Cassam-Chenaï et al. 2004 , SN 1006 (Acero et al. 2007 ).
The "canonical" scenario of underionized plasma in SNRs has been severely challenged by the recent discovery of overionized (i. e. recombining) plasma in three SNRs, namely IC 443, W49B, and G359.1−0.5 (see Sect.
3). All these remnants belong to the class of Mixed-Morphology SNRs (MMSNRs) and are interacting with nearby molecular clouds.
In this paper I briefly review the main properties of MMSNRs, their relation with molecular clouds, and the models proposed to explain their puzzling morphology (Sect. 2). I then focus on the presence of overionized ejecta (Sect. 3) and discuss its possible physical origin. The conclusions and the open issues are listed in Sect. 4
Mixed-morphology supernova remnants
Core-collapse supernovae are expected to explode in the same dense and complex environment where their progenitors were born. In fact, massive stars cannot drift far away from the star-forming region because of their very short life-times. Moreover, massive stars strongly modify the circumstellar medium (CSM) during their post main-sequence evolution, through strong stellar winds that can create tenuous wind-blown bubbles enclosed by dense cavity walls. SNRs can interact with wind residuals and impact, during their evolution, on the cavity wall, as modelled by Dwarkadas (2005 Dwarkadas ( , 2007 . We therefore expect to find several SNRs interacting with molecular clouds (MCs). These interactions are very important since they drive the exchange of energy and mass in the galactic ISM. There are several examples of galactic SNRs interacting with a cavity wall and/or molecular clouds (a list of these remnants is provided by Jiang et al. 2010 1 ). MMSNRs (Rho & Petre 1998, hereafter RP98) are typically interacting with molecular or H I clouds. They are characterized by a shell-like morphology in the radio band and a centrally filled emission in X-rays, with little or 1 See also http://astronomy.nju.edu.cn/ ygchen/others/bjiang/interSNR6.htm) no limb brightening. Figure 1 shows, as an example of MMSNR, the X-ray and radio images of IC 443. At odds with plerionic SNRs, whose X-ray emission is associated with the central pulsar wind nebula, MMSNRs have a thermal component in their spectra and the centrally peaked X-ray emission cannot be explained in the framework of the Sedov model (Sedov 1959) . Different models have been proposed to explain the puzzling morphology of these sources. In particular, White & Long (1991) modelled MMSNRs as remnants expanding in a cloudy environment, and associated the centrally bright X-ray emission with small ISM cloudlets engulfed by the main shock front and heated up to X-ray emitting temperatures by thermal conduction with the hot, tenuous interior of the SNR (i.e. the clouds "evaporate" in the hotter intercloud medium). In this model the density and temperature radial profiles depend on the parameter C/τ, where C is the ratio of the mass in clouds to the mass in the intercloud medium and τ is the ratio of the charac-teristic evaporation time-scale of the clouds to the age of the remnant.
A second model has been proposed by Cox et al. (1999) , who considered a remnant evolving in an ambient medium of fairly high density ( < ∼ 5 cm −3 ) and included the effects of thermal conduction. Because of the high density, after a few 10 4 yr, radiative cooling plays an important role in the post-shock plasma, whose temperature drops well below 10 6 K (therefore the shell does not emit in X-rays). The deep interior of the remnant has a substantial and fairly uniform pressure, and thermal conduction prevents formation of the rarefied cavity characteristic of Sedov evolution. This effect increases the emission measure in the center of the remnant with respect to that predicted by the Sedov solution and could explain the centrally bright X-ray emission of MMSNRs.
However, Bocchino et al. (2009) showed that these models fail in reproducing the observed features of the MMSNRs IC 443 and G166.0+4.3. Also, Lazendic & Slane (2006) showed that the Cox model requires very high gas density that are not consistent with those observed. Both the Cox and the White & Long models associate the bulk of the X-ray emission of MMSNRs with the shocked ISM (as in the original classification by RP98), while, as first proposed by Slane et al. (2002) , ejecta emission can be non-negligible. Indeed, it has been shown that in many MMSNRs (∼ 50%) X-ray emission from the ejecta is significant (Lazendic & Slane 2006 , Troja et al. 2008 ), and in some cases it dominates (e. g. W49B). Therefore, it is necessary to include an accurate model of the ejecta evolution to understand the peculiar morphology of these remnants.
Overionized ejecta in MMSNRs
A new, unexpected, discovery has recently involved the X-ray emission from ejecta in MMSNRs: spectral analysis carried on with the S uzaku satellite has shown the presence of overionized material.
The first detection of recombining Sirich and S-rich plasma has been obtained by Yamaguchi et al. (2009) in the MMSNR IC 443. The spectrum of this remnant shows characteristic edge-like features associated with free-bound transitions of electrons to the Kshell of H-like Si and S ions. The flux of Radiative Recombination Continuum (RRC) is a significant fraction of the flux in the He-like Kα line (∼ 0.28 and ∼ 0.18 for Si and S, respectively) and is much higher than that predicted in CIE, thus proving that the level of ionization is higher than that expected at the observed (electron) temperature.
Overionized ejecta were observed also in W49B by Ozawa et al. (2009) , who detected a hard RRC emerging above 8 keV and associated with recombination of H-like Fe ions into the ground state of He-like ions (dominant contribution) and of fully ionized Fe ions into the ground state of H-like ions.
The third example of MMSNR with overionized ejecta is G359.1-0.5 (Ohnishi et al. 2011) . In this case a spectral model with a singular component of overionized plasma with enhanced metallicity (ejecta) can fit the global spectrum, thus providing information on the electron temperature, kT e ∼ 0.29 keV, and on the ionization temperature (i. e. the temperature corresponding to the observed charge state distribution in CIE), kT z ∼ 0.77 keV. This result clearly shows that ejecta have been heated up to very high temperatures and are now rapidly cooling down.
Prompted by these results, new S uzaku observations of MMSNRs have been performed and the preliminary results are encouraging, showing new cases of overionized ejecta (Koyama 2010) . The presence of recombining ejecta may, therefore, be a common feature of MMSNRs, though the relationship between the centrally peaked X-ray morphology and overionization is really puzzling.
In order to ascertain the physical origin of this rapidly cooling plasma, it is important to focus on its spatial localization within the Xray emitting ejecta. A first attempt in this direction has been performed for W49B (Miceli et al. 2010) . This remnant shows a jet-like morphology in the X-ray band, with jet axis oriented along the East-West direction and the eastern jet being confined by a dense molecular cloud. In W49B the overionized plasma is localized in the center of the remnant and in its western jet, while it is not detected in the bright eastern jet, where the expansion of the ejecta is hampered by their interaction with the dense cloud. Figure 2 shows the ratio of the RRC to the bremsstrahlung count-rates (that is a proxy of the overionized plasma). Since overionization is present only where ejecta can expand freely, it is possible that the rapid cooling that generates the overionization is due to the adiabatic ejecta expansion. Nevertheless, an early heating is also necessary and a possible mechanism for this process can be the interaction of the remnant with nearby circumstellar material (e. g. wind residuals from the progenitor star). This scenario has been quantitatively investigated by Zhou et al. (2011) who performed detailed hydrodynamic simulations (taking into account radiative losses and thermal conduction) of W49B, including in their modeling an accurate description of the circumstellar environment and deviations from ionization equilibrium induced by plasma dynamics. They found that the early interaction of the remnant with dense circumstellar rings (observed by Keohane et al. 2007 ) can heat the Fe ions up to very high temperatures (> 10 keV) and that subsequent adiabatic expansion can reproduce the observed distribution of overionized ejecta. This model also naturally reproduces the peculiar jet-like morphology of the X-ray emission.
Conclusions
Recent X-ray observations have discovered overionized plasma in IC443, W49B, and G359.1-0.5 and indicate that overionization may be a common feature of MMSNRs with X-ray emitting ejecta. An X-ray emitting overionized plasma is the result of an early heating followed by a rapid cooling, but the mechanisms responsible for such processes in MMSNRs are still not completely understood.
The localization of the overionized plasma in W49B has provided important information and detailed hydrodynamic modeling has shown that the interaction of the remnant with nearby CSM can provide an early heating of the ejecta followed by their rapid adiabatic expansion. This mechanism can naturally explain the observed features of W49B, but up to now it is not possible to extend this picture to other MMSNRs.
Nevertheless, the association of MMSNRs with molecular clouds supports a core-collapse origin for these remnants and this makes the presence of nearby, dense CSM likely. As in W49B, the reflected shocks originating in the interaction of the forward shock with the CSM may provide an efficient mechanism to heat the ejecta in the early phases of the remnant evolution.
To verify this hypothesis a detailed (spatially resolved) spectral analysis of MMSNRs is necessary. Deep observations are required and spectral models with complete description of RRC and cascade effects are necessary to obtain reliable diagnostics. Also hydrodynamic models that include realistic description of the environment around these remnants (together with NEI effects) are necessary.
In conclusion, the discovery of overionized plasma has opened up new scenarios to explain the puzzling nature of MMSNRs and is pushing forward the development of new, accurate spectral codes and new hydrodynamic models necessary to correctly interpret the observation results.
